We investigated the optical properties of a direct-transition-type ultrashort-period (AlAs) 0:3 /(GaAs) 0:7 superlattice. The exciton dephasing time of this superlattice measured by transient degenerate four-wave mixing spectroscopy was shorter than that of normal mixed crystal Al 0:3 Ga 0:7 As. This is attributed to the structural difference between both structures due to the growth procedure difference.
Introduction
The optical properties of (AlAs) m /(GaAs) n short-period superlattices have been widely investigated in recent years. The main interest of almost all the previous reports is focused on the transition of carrier confinement from type I to type II as period is decreased up to a few monolayers of the superlattice whose thicknesses for both AlAs and GaAs are the same (m ¼ n). [1] [2] [3] [4] In this case, Al fraction x ¼ m=ðm þ nÞ corresponds to 0.5. Here, m and n are the number of monolayers of AlAs and GaAs, respectively. On the other hand, in the case of x < 0:35, systematic studies of the influence of carrier tunneling through the barrier layer for optical properties become possible, because the direct transition in the optical process continues to occur from a long period to a short period of the superlattice. In our study, x was fixed to 0.3.
When the superlattice period Ã ¼ m þ n is rather long, GaAs quantum wells (QWs) are isolated from each other and carrier tunneling from one QW to another does not occur, since AlAs barriers are thick enough. In this case, the energy levels of electrons and holes are discrete in the QWs. As Ã decreases, carrier tunneling rate increases; therefore, miniband structures in valence and conduction bands are formed due to the coupling between QWs. Furthermore, the minibands in the superlattice begin to overlap and the twodimensional quantum confinement effects disappear when the period length is extremely short. Generally, this ultrashort-period superlattice seems to be the same as a normal mixed crystal or alloy such as Al x Ga 1Àx As. It is necessary to investigate the material quality difference between the ultrashort-period superlattice and the normal mixed crystal for many applications in electrical and optical devices, since the fabrication procedures of both are different.
We have systematically investigated the properties of the AlGaAs superlattice, especially for the ultrashort-period superlattice. 5) In the case of Al 0:3 Ga 0:7 As, AlAs and GaAs layer can be clearly distinct when their layer thicknesses are more than 3 and 7 ML, respectively (the period is 10 ML); on the other hand, for shorter periods, Al and Ga atoms are intermingled in each layer. We also investigated samples with such shorter periods, for example, even if the period of the superlattice is not an integer, we observed satellite peaks due to fractional periods from the results of X-ray analysis. 6) We now focus on the ultrafast exciton dynamics in (AlAs) m /(GaAs) n ultrashort-period superlattices. Thus far, although enormous investigations using ultrafast transient four-wave mixing spectroscopy have been performed in order to study the coherent dynamics of excitons in bulk semiconductors and multiple quantum wells, [7] [8] [9] there are few reports of exciton dephasing in ultrashort-period superlattices. 10) In this study, we fabricated the (AlAs) m /(GaAs) n ultrashort-period superlattice and investigated its optical properties using photoluminescence (PL) and reflection spectroscopies. Ultrafast laser spectroscopy techniques, such as pump-probe transient reflection and degenerate four-wave mixing, were also performed in order to compare to a normal mixed crystal.
Sample Structure and Optical Properties
We fabricated an (AlAs) 0:3 /(GaAs) 0:7 superlattice (SL) grown by molecular beam epitaxy (MBE). The SL layers were grown on a (001) semi-insulating GaAs substrate and the growth temperature was 560 C. During the epitaxial growth, molecular beams of Ga and Al were supplied alternatively to fabricate the superlattice. Figure 1 shows a schematic illustration of the sample. In this study, the numbers of monolayers of GaAs and AlAs, m and n are 0.3 and 0.7, respectively. Therefore, the Al fraction x defined as n=ðn þ mÞ is 0.3 and the period Ã defined as the sum of m and n is Ã ¼ 1 ML. The total thickness of the sample is 1000 ML, so that the number of periods of superlattice was
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GaAs Buffer GaAs substrate 1000. In this case, both AlAs and GaAs coexist in one monolayer. Here, we called this (AlAs) 0:3 /(GaAs) 0:7 structure the superlattice. However, there is no periodicity in this structure if the fabrication is ideally achieved. Now we emphasize that the term ''superlattice'' can be defined widely as an ''artificial quantum nanostructure fabricated by epitaxial crystal growth''. For example, there are some ''superlattices'' with no periodicity, such as the Fibonacci superlattice with quasiperiodicity 11) or a disordered superlattice with a random layer sequence. 12) Figure 2 shows the Al composition fluctuation profiles of the ideal Al 0:3 Ga 0:7 As (a), normal mixed crystal (b), and ultrashort superlattice that we fabricated in this study (c), respectively. In case (a), if the growth conditions are perfectly controlled, Al composition will be constant along the growth direction. In case (b), when Al and Ga atoms are supplied simultaneously at a constant rate for the growth of the normal AlGaAs mixed crystal, slowly varying composition fluctuations in the growth direction exist practically. On the other hand, in case (c), when Al and Ga atoms are supplied alternately for the growth of the ultrashort-period superlattice, a steep potential modulation a few monolayers thick may occur since the accidental error of a few percent in growth rate cannot be prevent. Therefore, this ultrashortperiod SL structure (AlAs) 0:3 /(GaAs) 0:7 is considered to be different from normal mixed crystal Al 0:3 Ga 0:7 As qualitatively. Here, the ideal (AlAs) 0:3 /(GaAs) 0:7 structure does not exhibit periodicity vertical or parallel to the growth direction in principle. However, this sample was considered to contain a steep potential modulation at the interval of a few monolayers and was fabricated in the same way as the other period of samples. Therefore, we regard this sample as an ultrashort superlattice.
We investigated the optical properties of the sample with an ultrashort period by PL and reflection spectroscopies. The PL spectrum was measured at 10 K using the second harmonics of a Nd:YAG laser with ¼ 532 nm as an excitation light. The reflection spectrum of this sample was measured at 4.2 K with a tungsten lamp. The measured PL and reflection spectra are shown in Fig. 3 by dashed and solid lines, respectively. The PL peak was clearly observed at 1.997 eV and the full width at half maximum of the PL peak was about 13 meV. The PL peak energy of the sample was slightly higher than that of normal alloy Al 0:3 Ga 0:7 As, 1.962 eV.
13) It is thought that the difference between them originates from the structural difference as described above. The reason for this difference is under investigation. The FWHM of PL was comparable to that of the normal mixed crystal.
14) Therefore, total monolayer fluctuation was almost the same between the ultrashort-period SL and the normal mixed crystal. We did not observe any emission peak due to the acceptor on the lower energy side in our PL spectrum. Therefore, the influence of background impurity in a wafer can be ignored.
In the reflection spectrum, there was a dip structure due to the exciton absorption around the PL peak position. We did not observe heavy hole (HH) and light hole (LH) splitting in the reflection spectrum as in the multiple quantum well. This is because the two-dimensionality of excitons disappears and then the system begins to show a three-dimensional nature. Generally, the HH and LH splitting in the absorption band can be observed only in the superlattice, 15) which shows a miniband structure in the valence and conduction bands. However, since miniband widths increase with decreasing barrier thickness, the HH and LH splitting becomes negligible in the case of the ultrashort-period superlattice.
Pump and Probe Transient Reflection
We performed pump-probe transient reflection spectroscopy in this sample. The mode-locked Ti: sapphire laser output was used to pump the optical parametric oscillator (OPO). The photon energy of the OPO signal light was 1.0 eV. The output light from the OPO was incident to the LiB 3 O 5 (LBO) crystal at 22 C in order to obtain second harmonics whose photon energy was 2.0 eV as an excitation light to the sample. This photon energy was resonant with the exciton transition of this sample. The pulse duration and repetition rate were about 100 fs and 76 MHz, respectively. The spectral width of the second harmonics was about 48 meV. The second harmonic pulse was split into two beams, pump and probe beams, with the probe beam being delayed with respect to the pump beam. Both the pump and probe beams were intensity-modulated at frequencies f 1 and f 2 using an optical chopper, respectively. Here, f 1 and f 2 were 545 and 945 Hz, respectively. The pump and probe beams were focused onto the sample with time delay . The average powers of the pump and probe pulse on the sample were 5.0 and 0.15 mW, respectively. The sign of was defined as positive when the pump pulse preceded the probe pulse. The samples were kept at 4.2 K during the experiments. The f 1 þ f 2 component of the reflected probe beam was detected by a photomultiplier tube using a lock-in amplifier. 16) Figure 4 shows the pump-probe signal as a function of the delay time under excitation around the exciton resonance. The ordinate indicates a negative reflectivity change ÀÁR. As shown in this figure, reflectivity decreases abruptly upon irradiation by the pump light pulse of a hundred femtoseconds, and then recovers on a few hundred picoseconds time scale. In our system, although the length of the delay line was not long enough, we observed exciton recombination behavior with a lifetime scale of a few hundred picoseconds, which is comparable to the reported values in the literature for bulk semiconductors and/or quantum wells of GaAs. 17) 
Transient Degenerate Four-Wave Mixing
We performed transient degenerate four-wave mixing (FWM) spectroscopy for an ultrashort-period superlattice with a period of 1 ML. We employed a two-pulse degenerate backward self-diffraction geometry in the FWM experiment, which is useful for the AlGaAs/GaAs quantum nanostructure because the absorption of the GaAs substrate obstructs the observation of the FWM signal. The excitation light source and the experimental setup were almost the same as the pump-probe experiment described above. In the FWM experiment, after the second harmonic of the OPO output was also divided into two beams with equal powers, the average powers of both beams were changed by the ND filter. The two beams with wavevectors k 1 and k 2 and time delay were focused onto the sample kept at 4.2 K in the cryostat. The laser spots sizes were about 100 mm in diameter. The sign of is defined as positive when the k 1 beam preceded the k 2 beam. The FWM signals emitted in the phase-matched direction corresponding to 2k 2 À k 1 were detected by a photomultiplier tube followed by a lock-in amplifier, as in the case of pump-probe measurement. Figure 5 shows time-integrated FWM signal intensity as a function of the time delay at excitation intensities of 2.0 (a) and 6.0 mW (b). Excitation photon energy was tuned at 2.016 eV, which is around the exciton resonance. We observed a simple exponential decay of exciton coherence in this measurement. This fact suggests that this ultrashortperiod superlattice is an inhomogeneous broadening system and the temporal evolution of the FWM signal can be fitted by the equation 17) I
The dephasing time T 2 of an exciton in the ultrashortperiod superlattice was about 1.6 ps, as deduced from eq. (1) at the incident intensity of 2.0 mW. Even if incident intensity was increased up to 6 mW, all the FWM signal decay curves were regarded as simple single exponential decays; therefore, we could deduce the exciton dephasing time T 2 using eq. (1). The excitation intensity dependence of exciton dephasing time is shown in Fig. 6 . As excitation intensity increased, dephasing time became almost constant with a value of 1.6 ps until 2.5 mW. This shortening of exciton dephasing time was due to the exciton-exciton collision. As a consequence, exciton-exciton scattering should not significantly contribute to exciton dephasing below 2.5 mW. In the literature, 14) the exciton dephasing time of a normal Al 0:38 Ga 0:62 As mixed crystal was reported as 5 ps at 10 K. Compared with this value, our results for the exciton dephasing time of the ultrashort-period superlattice were quite short. We concluded that the difference in dephasing time between the ultrashort-period superlattice and the normal mixed crystal was attributed to the structural difference. In the normal mixed crystal, the structural fluctuation was comparatively small due to the slowly varying composition fluctuation of Al as in Fig. 2(b) . On the other hand, as described in §2, since the steep potential modulation was formed due to the growth procedure in ultrashort-period superlattice (AlAs) 0:3 /(GaAs) 0:7 , the exciton coherence might be influenced by this structural fluctuation. Although we did not observe this structural feature experimentally such as by detecting in-situ RHEED oscillation, the dephasing time shortening in ultrashortperiod superlattice suggested this scenario. As a consequence, ultrashort-period superlattice (AlAs) 0:3 /(GaAs) 0:7 should be considered to be different from normal mixed crystal Al 0:3 Ga 0:7 As qualitatively.
Conclusions
We fabricated an (AlAs) 0:3 /(GaAs) 0:7 ultrashort-period superlattice with a period of 1 ML grown by MBE. We investigated the optical properties of this structure by PL and reflection spectroscopies. The PL peak is clearly observed at 1.997 eV. The PL peak energy of the sample was slightly higher than that of normal alloy Al 0:3 Ga 0:7 As, 1.96 eV. It is thought that the difference between them originates from the structural difference. In the reflection spectrum, there was a dip structure due to exciton absorption around the PL peak position. We did not observe heavy hole (HH) and light hole (LH) splitting in the reflection spectrum as in the multiple quantum well. This is because the two-dimensionality of excitons disappears and then the system begins to show a three-dimensional nature. In addition, we performed femtosecond pump-probe transient reflection spectroscopy and FWM spectroscopy for ultrashort-period superlattice. In the pump-probe spectroscopy, we observed exciton recombination behavior with a time scale of a few hundred picoseconds, which is comparable to that in the case of the bulk semiconductor and/or quantum well of GaAs. In the fourwave mixing experiments, a dephasing time T 2 of 1.6 ps was observed at a low incident intensity. This value is shorter than in the case of normal mixed crystals. Since a steep potential modulation was formed due to the growth procedure in ultrashort-period superlattice (AlAs) 0:3 / (GaAs) 0:7 , the exciton coherence might be influenced by this structural fluctuation. We conclude that the difference in dephasing time between the ultrashort-period superlattice and the normal mixed crystal is attributed to the structural difference. 
